The bias dependence of the torque that a spin-polarized current exerts on ferromagnetic elements is important for understanding fundamental spin physics in magnetic devices and for applications. Several experimental techniques have been introduced in recent years in attempts to measure spin-transfer torque in magnetic tunnel junctions. However, these techniques have provided only indirect measures of the torque and their results regarding bias dependence are qualitatively and quantitatively inconsistent. Here we demonstrate that spin torque in magnetic tunnel junctions can be measured directly by using time-domain techniques to detect resonant magnetic precession in response to an oscillating spin torque. The technique is accurate in the high-bias regime relevant for applications, and because it detects directly small-angle linear-response magnetic dynamics caused by spin torque it is relatively immune to artefacts affecting competing techniques. At high bias we find that the spin-torque vector differs markedly from the simple lowest-order Taylor series approximations commonly assumed.
S pin-transfer torque allows the magnetization in magnetic devices to be manipulated efficiently using the interaction of spin-polarized currents with ferromagnets [1] [2] [3] . The behaviour of spin torque for high biases (V ) applied to magnetic tunnel junctions (MTJs) provides a sensitive probe into the fundamental spin physics of hot electrons and is critical for applications, including next-generation memory devices and tunable oscillators 4 . However, measurements of spin torque in this regime have proven difficult. Previous approaches, based on different indirect measures of the torque, have yielded conflicting results [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Here we demonstrate an improved method of measuring spin torque by detecting, in a time-resolved fashion, the magnetic dynamics in linear response to the torque. Because this technique measures directly the small-angle precession caused by the torque, it is much less vulnerable than previous techniques to artefacts arising from heating or nonuniform magnetic dynamics. The method allows quantitative measurements of the bias dependence of the spintorque vector at large |V |, up to the breakdown voltage of the MTJ, and reveals behaviour strikingly different from the approximations normally used to interpret experiments.
Several different approaches have been used previously in efforts to measure spin torque in MTJs. For measurements at low-tomoderate |V |, we believe that the most accurate technique is spintransfer-driven ferromagnetic resonance (ST-FMR) with detection of magnetic precession via a d.c. mixing voltage [5] [6] [7] [8] [9] . However, this method fails at large |V | because of an artefact associated with small changes in the d.c. resistance of MTJs in response to a microwave drive 9 . Analysis of the statistics of thermally assisted switching can be used to extract the spin torque at large |V | (refs 10, 11) , but this method requires assuming a particular functional form for the bias dependence of the torque, it is sensitive to assumptions made about heating, and different analyses have yielded qualitatively different behaviours for the perpendicular, or 'field-like', component of the spin-torque vector 10, 11 . Thermally excited ferromagnetic resonance (TE-FMR; refs [13] [14] [15] [16] [17] is another technique that can in principle measure the perpendicular spin-torque component, based on the bias dependence of the precession frequency, but the results of this method can be questioned 9 because a bias may also affect the precession frequency via other mechanisms, including Joule 13 or Peltier heating or changes in the degree of spatially nonuniform dynamics due to lateral spin diffusion 18, 19 .
Measurement scheme
The concept of our technique is to apply a microwave current through the MTJ to exert an oscillating spin-transfer torque near the magnetic resonance frequency of one magnetic electrode, and to measure the resulting magnetic precession via oscillations of the MTJ resistance. Our measurement circuit is illustrated in Fig. 1a . To accomplish the measurement, we apply two electrical pulses simultaneously to the MTJ via a 50 transmission line: a microwave (RF) pulse V in (t ) with length 5-10 ns, long enough to reach steady-state resonant magnetic precession via the spin-torque effect, together with a longer square-wave pulse (∼25 ns length) that starts a few nanoseconds earlier and ends several nanoseconds later than the RF pulse so that it provides the equivalent of a d.c. bias during the resonance measurement. We record the signal reflected from the sample using a 12.5 GHz bandwidth sampling oscilloscope. The time-dependent part of the reflected voltage (before amplification) is:
The first term on the right is the signal from the resistance oscillation that we aim to measure, with I the effective d.c. current through the device provided by the square-wave pulse and ∆R(t ) the time-dependent part of the MTJ resistance. The second term arises from the reflection of V in (t ) from the impedance discontinuity between the 50 cable and the sample with differential resistance R 0 . One might consider trying to determine ∆R(t ) by simply measuring the reflected signal during the time when V in (t ) is nonzero, but the term due to the impedance discontinuity is generally 1-2 orders of magnitude larger than the term involving ∆R(t ), and it is difficult to subtract this large background. Instead, we achieve a better signal-to-noise ratio by recording the reflected signal shortly (100 ps-2 ns) after the falling edge of the RF pulse. In this time span, the resistance oscillation excited by the RF pulse (ST-FMR) is still present (although gradually decaying) whereas the strong background due to V in (t ) is diminished. After subtracting the much weakened background, we are able to clearly resolve the resistance oscillation of the MTJ. The details of the measurement are explained in the Methods section and Supplementary Note S1. A discussion about why the technique is relatively immune to artefacts from heating and spatially nonuniform magnetic dynamics is given in Supplementary Note S2.
Sample geometry
We 20 . The capacitance is <5 × 10 −14 F, small enough that it does not affect the experiment (see Methods). During the measurements, we apply an in-plane magnetic field H (200-450 Oe) at an angle β (45
• -135
• ) relative to the exchange bias of the SAF to produce a nonzero offset angle θ between the free layer and the reference layer of the SAF (Fig. 1b) . We use the convention that positive bias corresponds to electron flow from the free layer to the SAF (so that the in-plane spin torque favours antiparallel alignment). We have measured ten samples, all with similar results, and we will report data from two of them. Sample 1 (nominally 90×90 nm 2 ) has a parallel-state resistance of 272 and TMR of 91% (Fig. 1c) , and sample 2 (nominally 80 × 80 nm 2 ) has a parallel-state resistance of 381 and TMR of 97%.
ST-FMR in the time domain
Each time-domain measurement is performed in two steps. For each value of H for which a measurement is desired, we measure the differential resistance of the MTJ and also identify a different set of biasing conditions (field magnitude and direction) with the same value of differential resistance but which is non-resonant, in the sense that the magnetic resonance condition is well outside the frequency range of interest. We measure the RF pulse reflected from the sample under the non-resonant conditions to determine the background signal in the absence of magnetic dynamics. Figure 2a shows a typical background signal near the falling edge of the RF pulse (vertical dashed line). We then measure the signal reflected from the sample for the biasing conditions that are of interest for measuring the magnetic dynamics, and subtract the background (Supplementary Note S1 and Fig. S1 ). Figure 2b ,c show the result of this subtraction for the case of H = 200 Oe, field direction β = 90
• , offset angle θ = 85
• , V = 0.38 V for sample 1. Following the falling edge of the RF pulse, the measurement shows a resistance oscillation that decays gradually in time. The magnitude of oscillation corresponds to a maximum precession angle of about 1.5
• , well within the linear-response regime. The decay rate for the oscillations agrees quantitatively with the magnetic damping rate measured by d.c.-detected ST-FMR in the same samples (Supplementary Note S4 and Fig. S2 ), indicating that the decay is due to a true decrease in precession amplitude, and is not dominated by dephasing between different repetitions of the measurement. Ideally our background subtraction should work not only after the RF pulse but also during the pulse, and we have indeed resolved the steady-state persistent resistance oscillation during the pulse as well (for time <0 in Fig. 2b ). This persistent oscillation confirms that the RF pulse is long enough to saturate the MTJ to steady-state dynamics. However, the oscillations measured during the pulse are noisy because of the large background that is subtracted, so we do not use them for quantitative analysis.
We fit the damped resistance oscillation following the falling edge of the RF pulse (Fig. 2c) to an exponentially decaying sinusoid A 1 e −Γ t cos(ωt + Φ 1 ) with four parameters: amplitude A 1 , phase Φ 1 , frequency ω and decay rate Γ , defining the centre of the falling edge of the pulse as time zero (t = 0). The fitting uncertainty for the phase is less than 0.04 rad, which corresponds to a time precision of ∼1 ps. Using the same t = 0 point, we also fit the RF driving signal (Fig. 2a) before the falling edge of the pulse to a simple sinusoid A 0 cos(ω 0 t + Φ 0 ) with fitting parameters A 0 and Φ 0 . The phase of the magnetic response relative to the externally applied RF driving voltage is then Φ = Φ 1 − Φ 0 . In Fig. 2d we plot the normalized oscillation amplitude squared, A n 2 = (A 1 /A 0 ) 2 , and relative phase, Φ, as a function of the RF pulse frequency for the same biasing conditions shown in the other panels of Fig. 2 . As expected (see the Supplementary Note S3), the resonant response is accurately fit by a symmetric Lorentzian line shape and the phase changes by π as the frequency is tuned through the resonance. We determine the natural frequency of the oscillator ω m and the maximum normalized oscillation amplitude A n,max from the fit to the amplitude response, and then determine the phase Φ m of the magnetization precession at resonance by interpolating to the value at ω m on a smooth polynomial fit of Φ versus driving frequency.
Determination of the spin-transfer torque
From the values of A n,max , Φ m , and Γ we make a quantitative determination of the spin-torque vector. Because it is a torque, this vector is perpendicular to the mean magnetization of the free layer and therefore we can specify it using two components, one in the plane determined by the magnetizations of the two electrodes (τ ) and one perpendicular to this plane (τ ⊥ ). A consideration of the equation of motion for the free layer magnetization shows that an oscillating in-plane torque on resonance gives rise to a resistance oscillation in phase with the driving voltage (Φ m = 0), whereas an oscillating perpendicular component independently contributes an out-of-phase resistance oscillation. Quantitatively, it follows that the voltage derivative of the torque, or 'torkance' 21 ∂τ/∂V , can be calculated from the in-phase and out-of-phase magnetic response at any bias V (see Supplementary Note S3 for the derivation): Here R 0 is the measured differential resistance of the MTJ for the initial offset angle θ and bias V , M S Vol is the total magnetic moment of the free layer (estimated to be 1. at V = 0.38 V. The dominant experimental uncertainties are associated with determining the oscillation phase. By varying the amplitude of the square-wave pulse (and therefore d.c. bias), we can measure the spin-transfer torkance for any value of |V | above about 0.1 V for our samples. It should be noted that in response to a microwave excitation there is often more than one resonance mode in our devices at a given external field, usually one large amplitude mode and a second mode at least a factor of three smaller in amplitude. We suspect that the smaller mode involves oscillation of the magnetizations in the SAF, and that there may be coupling to the free layer oscillations. To limit the effects of mode coupling, for the data in this paper we have selected the direction and magnitude of the external magnetic field so that any secondary resonance mode is weak and well-separated in frequency from the primary resonance. The primary resonance can be identified with oscillations of the free magnetic layer on the basis of the sign of the resonant response in the d.c.-detected ST-FMR spectrum 6 and the sign of the bias dependence of the magnetic damping (see Supplementary Note S4 and Fig. S2 ). Figure 3a ,b show our measurements of ∂τ /∂V and ∂τ ⊥ /∂V over a large bias range for two samples. We display data up to |V | = 0.6 V, because the distribution of critical voltages for sample degradation or breakdown in our low-RA MTJs extends below 0.7 V. We have normalized the torkances by sin θ , because this is the angular dependence predicted for MTJs (refs 21,23) , and indeed we find good agreement with this dependence within our experimental uncertainty. The figures show both the results of our new timedomain measurements for |V | > 0.1 V (square symbols), and the results in the same samples of the older d.c.-detected ST-FMR technique 7,9 for |V | < 0.2 V (triangles), which is a sufficiently small bias that this technique is reliable. In the range of overlap, 0.1 V < |V | < 0.2 V, we find excellent quantitative agreement between these two independent techniques with no adjustment of parameters. This cross-check provides added confidence that both methods are quantitatively correct. By integrating the torkances with respect to voltage, we can plot the bias dependence of the spin-torque vector τ(V ) itself (Fig. 3c,d) .
Bias dependence of the spin torque
We observe that the in-plane component of the spin-transfer torkance has an appreciable negative slope in the bias range |V | < 0.2 V in all of our MgO-based tunnel junctions, and is a factor of 3-4 stronger at high negative bias (V < −0.2 V) than at high positive bias (V > 0.2 V). Although this is a weaker bias dependence than had been suggested (incorrectly) in the past by uncorrected d.c.-detected ST-FMR measurements 8, 9 , the inplane component of the spin torque after integration does show significant nonlinearity and can become stronger by approximately a factor of 2.5 at large negative bias compared to positive bias (Fig. 3c,d) . Although an asymmetric bias dependence of the in-plane torkance is consistent with qualitative predictions [24] [25] [26] [27] and ab initio calculations at low bias, 28 we suggest that a more quantitative theoretical understanding of the asymmetry at high bias should be a priority. Regarding the perpendicular component of the torkance, it had been known previously from calculations 24 and d.c.-detected ST-FMR measurements 7, 8 that near V = 0 this component of the torkance in a symmetric MTJ has a linear dependence on bias (so that the perpendicular torque ∝V 2 ). We now observe departures from this behaviour at high bias, in that ∂τ ⊥ (V )/∂V saturates (and τ ⊥ (V ) crosses over to an approximately linear dependence). Interestingly, the saturated value of perpendicular torkance differs significantly between positive and negative bias, which is forbidden by symmetry for an exactly symmetric MTJ when spin-flip scattering is negligible 3 . We suspect that this may be the result of a slight asymmetry in the structure of our MTJs (for example, the average Co:Fe ratio in the reference layer of the SAF is 1.5:1, whereas in the free layer it is 1.25:1) or in the distribution of defects in the tunnel barrier or at the interfaces between the electrodes and the barrier. The strength of the perpendicular torque at the highest biases we measure is equivalent to a 30 Oe magnetic field, strong enough to play an important role in magnetic dynamics.
Implications
Our results have important consequences for interpreting many types of experiments on spin torque. Up to now, it has been assumed almost universally in analysing experimental data that the bias dependence of the spin-torque vector can be described by the simplest possible low-order Taylor series approximations, τ ∝ V and τ ⊥ = a + bV + cV 2 , with a,b, and c constants. This is often done, for example in extrapolating from finite-temperature measurements to determine zero-temperature critical currents and activation energy barriers for switching [29] [30] [31] [32] , and it is also the underlying assumption in analysing the statistics of switching to determine the strength of the spin-torque vector 10, 11 . Our measurements indicate that these Taylor-series approximations can become seriously inaccurate at high bias, so that extrapolations based on these approximations should not be expected to yield quantitative results. Furthermore, analyses of asymmetric MTJs have generally assumed that the main effect of the asymmetry on the perpendicular torque is to add a linear bias dependence to τ ⊥ (V ), together with the quadratic dependence present for symmetric junctions 11 . The difference in the saturated values of ∂τ ⊥ /∂V for positive and negative V that we observe at high bias indicates that the effects of asymmetry may be significantly larger at high bias than at low bias, and may take functional forms different from those that can be expressed by a lowest-order Taylor approximation.
The asymmetry we observe for the in-plane spin torque may help to explain the observation that the critical voltage for spintorque-induced switching from the antiparallel (AP) to parallel (P) configuration in MTJs (negative bias in our convention) is often lower than for P-to-AP switching 8, 11, [33] [34] [35] [36] . However, we note that in the thermally assisted switching regime this effect can be somewhat mitigated by a contribution from the perpendicular spin torque, which always favours the AP state for our MTJs.
Applied more broadly, we expect that our time-resolved measurement technique will also be able to provide new insights about a wide range of other interesting phenomena in MTJs, including nonlinear magnetic dynamics in response to large spin torques 37 , phase locking of magnetic auto-oscillations to microwave inputs 38, 39 , time-resolved coupling between magnetic modes, and spin torques in very low-RA MTJs for which pinholes may contribute new effects 12, 20 .
Methods
The microwave (RF) pulse in our measurement is generated by using a mixer and a short gating pulse to modulate a continuous-wave source. The peak-to-peak voltage produced by the RF pulse at the MTJ is 20-40 mV, the pulse length is 5-10 ns, and the rise and fall times of the RF pulse are approximately 100 ps and 180 ps respectively. The small non-zero fall time has negligible effect on determining the amplitude and phase of the damped precession after the pulse because (by defining the centre of the fall time as time zero) the extra torque after time zero and the reduced torque before time zero cancel to first order. There is some ringing following the RF pulse, but its amplitude is at least a factor of 25 smaller than the main excitation signal and our calculations indicate that spin torque from the ringing also has negligible effect on our final results. The RF pulse is combined with the longer (25 ns) square-wave pulse via a power combiner. Employing a square-wave pulse instead of an actual d.c. voltage to bias the MTJ significantly reduces the probability of electrical breakdown at high voltages and allows us to access higher biases than in d.c.-detected ST-FMR or TE-FMR experiments. A sinusoidal reference signal generated by the RF source is used to synchronize the clock of the oscilloscope and is also used (after frequency division) to trigger both pulse generators and the oscilloscope at 100 kHz. These synchronization measures fix the phase of the RF pulse and allow for signal averaging. We generally average for 25 s (about 1,250 repetitions for 2,000 sampling points).
Calibration procedures and the methods used to measure the differential resistance R 0 and the d.c. resistance R at high biases are described in Supplementary Note S5.
We characterize the device capacitance by measuring the phase shift of a reflected microwave pulse before and after the microwave probe touches the sample contacts (for applied magnetic fields such that no magnetic dynamics are excited). A capacitance should produce an extra absolute phase delay 2(50 )ωC. We measure a phase delay of at most 0.15 rad at 5 GHz, which corresponds to C ≤ 5 × 10 −14 F. In the ST-FMR measurement with time-domain detection, C produces an extra relative phase delay between the magnetic response signal and the reflected drive voltage of ∆Φ = (50 /R 0 )2(50 )ωC. For typical sample parameters R 0 = 350 and ω = 2π(5 GHz), this extra phase is less than 0.03 rad, smaller than our fitting uncertainty.
